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Objectives

This research program is focused on the study of the atomic force microscope (AFM) as
an instrument for quantitative measuring and imaging material properties with nanoscale
resolution. More specific to this research are the dynamic modes of AFM, in which the
specimen moves relative to the AFM cantilever tip while in contact. Particular emphases
include the higher-order vibration modes and the nonlinear vibration response. In
addition to the original objective, improved modeling of AFM cantilevers has been
undertaken. The use of simplified beam models with uniform cross section does not
reflect the AFM cantilevers that are often used in experiments. High resolution cantilever
measurements with a scanning electron microscope (SEM) and modeling with finite
element analysis have been used to improve the comparisons between experiments and
numerical models.

Description of Effort

During this project, the development of AFM experimental expertise was undertaken. An
AFM was purchased and modified for the dynamic AFM measurements. The system
allows the cantilever resonance frequencies to be determined both in and out of contact
with a specimen. In addition, the dynamic implementation allows the surface topography
and material stiffness to be mapped simultaneously. During this project, several aspects
of this research were explored. One focus was on comparison of AFM methods with
other experimental measurement techniques using thin films as a test base. Improved
modeling of the AFM cantilevers was undertaken as it became apparent that simpler
methods were not sufficient for experimental analysis. Finite element models are being
constructed to include observed variations in cantilever width, thickness, and tip location.
The analytical modeling has been focused on the nonlinear vibrations of AFM cantilevers
with nonlinear boundary conditions. The studies of nonlinear vibrations have been
extended for contact boundary conditions of a general nature such that both soft and hard
contacts may be analyzed. The method of multiple scales is the primary method used for
these studies. Finally, the coupling of flexural and torsional vibration modes has been
examined. The coupling is the result of the specific geometry of certain AFM cantilevers.
Both experimental and analytical studies have been conducted.

J. A. Turner 2 AFOSR Final Report
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Accomplishments

Comparisons with other Techniques. The experimental setup for the dynamic AFM
experiments (also known as atomic force acoustic microscopy or AFAM) is shown
schematically in Fig. 1. A commercial AFM (Thermomicroscopes Autoprobe CP) was
modified for these experiments. A reference specimen and an unknown specimen are
placed on a broadband ultrasonic transducer (2.25 MHz center frequency). The
transducer is mounted on the AFM stage and is excited by the function generator. The

output from the AFM AFMSphtPhot odiode

photodiode is mixed SRS844 Lock-In
with the driving signal AFM Laser Amplifir

in the lock-in amplifier. \ /

The lock-in output and ~ AFM Cantilever U]trasomc Transducer

the photodiode output SP“‘"‘C“ Function Generator PC
are both used by the

AFM for lmaglng The X-Y Translation Stage i

function ~generator . 18 Figure 1. Schematic of the atomic force acoustic microscopy
controlled by Labview experiment. Both the topography and lock-in amplifier output are
software. used for imaging.

In a typical experiment, the free and contact cantilever resonances are measured
on both the reference and the sample of interest. The cantilever resonances are found by
scanning an appropriate frequency range with the function generator and plotting the
lock-in output. The contact resonances are functions of applied load on the AFM
cantilever. The frequency shifts may be used to determine the mechanical properties of
the unknown relative to the reference. First, the necessary spring stiffness of the contact
k' is determmed from the natural frequency data and an appropriate vibration model. The
value of k" is then used to determine the contact modulus of the sample using the Hertzian

contact relation £, = E. (ks /k,)3 , where the subscripts denote the sample and reference

The sample indentation modulus M; is then determined from (ES)1 —( M, "+(Mm,)",

where M, is the indentation modulus of the tip. AFAM results for indentation modulus
on samples of aluminum and niobium were compared with results using surface acoustic
waves (SAW) and instrumented indentation (IT) [1]. The results are summarized in
Table 1. These results are typical of other measurements on different materials. The
primary cause of the wide range in the AFAM results is thought to come from the choice

of the reference material. For
th lts in Table 1. both Table 1. Comparison of indentation modulus M (GPa) for
¢ results m 1able 1, bo aluminum and niobium using several different methods [1].

glass and single crystal [MuEet T cerature ] SAW | T | AFAM

silicon were used as Al 76 — 81 78 + 1 86+4 | 54-81

references. The appropriate Nb 116—133 | 120%5 — |91-137

use of reference samples for
AFAM is the subject of ongoing research.

J. A. Turner 3 AFOSR Final Report
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Imaging. Once the resonances are measured, an AFAM image may be made. The
transducer motion is fixed at a single frequency slightly higher or lower than the
resonance for a given applied load. The feedback control loop of the AFM is set to
constant force and the scan is made. The topography and stiffness images are obtained
simultaneously. Example results for polysilicon are shown in Fig. 2. The topography

A v
8001 e-04
600 1200

800 1
4004
200 B 400 h
0 0
0 04 08 1.2pum
Topography. 0518T011.HDF
A
Vv
800 o04)
500 1200
200 8001
200 400 -
0 0.
0 05 1 15 2 jim
Topography. 0518T016.HDF AUX4, 05180014 HDF

Figure 2. Example results of atomic force acoustic microscopy (AFAM) on a sample of polysilicon
MEMS. The two lefthand images are topography, while the two righthand images are the AFAM
images. Of particular note are the stiffness contrasts observed within single grains.

images are in the lefthand column while the stiffness images (lock-in output) are shown
in the righthand column. Results from two scans are shown. The stiffness images for
these samples show the interesting contrast within regions that appear to be single grains
in the topography image. Also of note are the single grains that appear to have different
stiffness. Calibrated stiffness measurements may be made by comparing spectra
measured from a known material, such as single crystal silicon, to spectra from the
unknown.

Improved Modeling. Improved modeling of AFM cantilevers was undertaken as it
became clear that the simple models based on cantilevers of uniform cross-section did not

J. A. Turner 4 . AFOSR Final Report
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apply to many commercially available cantilevers. To date, AFAM experiments have
been interpreted exclusively with an analytical model in which it is assumed that the
cantilever cross-section is uniform over the length of the beam. The assumption is not
strictly true, even for cantilevers that are uniform over the majority of their length. Thus,
data interpretation using such analytical models is an approximation for real experimental
conditions. Such approximations are very good in some cases. However, cantilevers such
as dagger shaped, V-shaped, or triangular cantilevers are useful for measurements but are
clearly not uniform.

To address the current deficiency in these simplified AFAM models, finite
element models (FEM) have been developed for AFAM applications. Variations in
geometry that extend over a small range of the cantilever, such as the triangular portion
of dagger-shaped cantilevers, are easily modeled using FEM. Two types of cantilevers
were investigated, one with rectangular plan view and one with a dagger-shaped plan
view [1]. For both cantilevers, the length and width dimensions were measured using an
optical microscope. The thickness was measured using scanning electron microscopy
(SEM). The optical measurements were more accurate (relative to the degree of accuracy -
required) than the SEM measurements due to mounting and alignment issues. Moreover,
the beam resonance frequencies are much more sensitive to thickness than to length or
width. For these reasons, the cantilever thickness was the primary variable adjusted to
match the experimental results. Other variations in the different .cantilevers were also
included in the models. For instance, the tip of the rectangular cantilever was not located
exactly at its end, but some unknown distance. Therefore, the tip position was allowed to
vary in the FEM. The location of the dagger cantilever’s tip, on the other hand, was
exactly at the end and was not a variable parameter in the model. Other parameters that
were investigated in the FEM include tip mass, damping, and cantilever thickness
variations. Example numerical results for both types of cantilevers are given in Table 2.
The indentation modulus was calculated from the contact frequencies for both aluminum
and niobium. The results  Table 2. Comparison of results for indentation modulus M using

are based on two reference analytical and finite element models of AFM beams [1].
materials. The FEM results | Material | Cantilever | Reference | Model M
in some cases are not Al rectangular glass uniform | 76+ 3
necessarily an improvement FEM 76 + 10
over the simplified model. Al dagger glass uniform | 64+3
However, 1t should be FEM 54+ 4
noted that in many cases Nb | rectangular | glass | uniform | 897
unphysical parameters are Si 140 = 6
used in the simpliﬁc;d glass FEM 95+ 14
models, such as tip : :

Si 128 + 16

placement very far from the N ) 1 T 8721
beam end. Further agger & ;S > tform 1395
improvements to these 0 1
modeling efforts are being £7ass FEM 92+6
examined. Si 120+ 14

J. A. Turner 5 | AFOSR Final Report



(O aeen, @ 0N e e AR i e Y ea e SRR oRbe eV g mEn e e

Nonlinear Vibrations. The nonlinear forces that develop between the AFM tip and the
specimen often result in nonlinear behavior in the vibrations. Experimental results have
shown the type of softening nonlinearity expected. The fundamental problem of the
nonlinear vibrations of a beam with cantilever-Hertzian contact boundary conditions was
investigated [2]. The method of multiple scales was used to analyze this problem in
which it was assumed that the beam remains in contact with the moving surface at all
times. The contact between the AFM tip and the sample surface was modeled as
Hertzian. One primary result from this analysis is the amplitude-frequency relation for
the various flexural modes. The amplitude-frequency curves exhibit softening behavior as
expected. The amount of softening depends on the linear contact stiffness relative to the
beam stiffness (characterized by dimensionless parameter f) as well as the specific mode.
An example result is shown in Fig. 3. The modal amplitude is plotted versus the detuning
parameter for the first and second modes for two values of . The sensitivity to the
nonlinearity is similar to the linear sensitivity [3]. The sensitivity of the different modes
is reflected in their 1 :

nonlinear behavior —

1

some modes exhibit 03 08
larger shifts in natural
frequency than others 06 1 o6

for the same type of
contact stiffness. The
associated nonlinear

04 1 04

I "TeEQ0

normal modes of this 02 1 02

system  were  also :

fienved. The mpdes ol = - = Lo = : — l
include a nonlinear Detuning Parameter, o ) Detuning Parameter, &

addltloq to the linear, Figure 3. Nonlinear frequency shift of the first and second modes for
harmonic component as two values of linear contact stiffness g = 50 (solid) and 500 (dashed).
well as a static offset Each mode responds differently to the nonlinearity [2].

term and second and third harmonic components.

Modal Coupling. The coupling of flexural and torsional vibration modes of atomic force
microscope cantilevers has also been investigated. This type of coupling occurs in
cantilevers of certain geometries. Solutions were obtained using an analytical bending
and torsional model as well as using the finite element method. The coupling considered
arises from small geometric asymmetries in the cantilever, such as an offset tip or uneven
distribution of cantilever mass. The asymmetries lead to coupling of the respective
flexural and torsional governing equations. Specific conditions necessary for the coupling
of the first torsional mode with various flexural modes were derived. For isotropic
rectangular cantilevers with rectangular cross-section, the tendency for coupling is

characterized by a dimensionless parameter H = %,/611 +v), where w is the width, L is

the length, and v is Poisson’s ratio. Conditions for coupling are easily satisfied by
commercially available AFM cantilevers. Example experimental results are shown in Fig.
4 [4]. The experiments were done with commercial rectangular AFM cantilever beams
made of silicon. The cantilevers were set into vibration using a piezoelectric ultrasonic

J. A. Turner 6 AFOSR Final Report
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transducer coupled to the chip of a cantilever. The transducer was excited harmonically in
the frequency range of 100 kHz to 3 MHz. The vibrations were monitored using an
optical Michelson heterodyne-interferometer allowing the surface of the cantilever under
examination to be scanned with a lateral resolution of several microns. The measured
frequency spectrum was used to identify the various modes. The amplitude and phase of
four free vibration modes of the beams are shown in Fig. 4. Theoretical predictions of the
modal coupling are shown in Fig. 5 for H = 0.025. These results agree very well with the
experimental results.

Deflection Phase
Onm % : FEE RS

9nm
18 nm

Onm
P 16 nm
i 31 nm

Exciting frequency 211.81 kHz, U =6V

Exciting frequency 265.39 kHz, U= 6 V

0 nm
8nm

' 16nm EEFE e T S S O 05 S
Figure 4. Amplitude and phase distribution of the first four modes of a rectangular Si-cantilever that
are predominantly torsional. The scan size is about 550 x 100 pm? [4].

T 2 bid

0.05

1] 01 02 03 04 05 06 07 08 09 1

0 61 02 03 04 05 06 07 08 09 1

Figure 5. Predicted third and fourth mode shapes calculated from the
flexural/torsional coupling model with H = 0.025. The interaction observed
is a coupling between the first torsional and third flexural modes [4].

Interactions. Collaborative efforts have continued with Dr. D. C Hurley of the Materials
Reliability Division of the National Institute for Standards and Technology (NIST) in
Boulder, Colorado. This collaboration includes the sharing of test samples and AFM
cantilevers, comparison of experimental data, and collaborative theoretical/experimental
research. Collaborative research is also continuing with the group headed by Dr. W.
Armnold at the Fraunhofer Institut fiir zerstérungsfreie Priifverfarhen (IZFP) in
Saarbriicken, Germany. The PI and students are collaborating with the IZFP on the

J. A. Turner 7 AFOSR Final Report
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development of finite element models, analytical vibration models, and experimental
comparisons. Collaboration with the thin films group at UNL (S. Rohde) has also proven
fruitful [5]. The AFAM research is continued through support of the National Science
Foundation (ceramic nanofibers) and the Department of Energy (sintered materials).
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Transitions

As an ongoing part of this research, the analysis and calculations used for AFAM have
been developed into web-based calculation tools (http://em-jaturner.unl.edu/calcs.htm).
For example, one of these tools calculates AFM cantilever frequency spectra and modal
sensitivity as a function of the surface stiffness for both flexural and torsional vibrations
(shown in Fig. 6). Current options include three cantilever plan views of rectangular, V-
shaped, and triangular. The user chooses the cantilever shape and inputs material property
and geometric data. The information is then passed to a MATLAB program that performs
the calculations. The output is then posted in plot or table format in the browser frame.
Additional tools focused on AFAM experiments are also now included.

Calculator af;
Cantilever Type é 20
&

|Reclangu|ar i] ;i
Young's Modulus (GPa): g
o @ 15 /
Density (Kg/m"3): ‘ ;%
2000 ’
Length (microns): 2’2 10 .
|1q_ N . 5 /
Width: 1
o ; ? ____/
Thickness: ﬁé 5 :
Base Width (triangle only): g
o @ o . P .
Ceniral Length (triangle ouly): £ 10 10 10

R &7

calculation tools.

Several different cantilever geometries are included as are flexural and
torsional modes.

o)
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Abstract

Commercial rectangular atomic force microscope cantilever
piezoelectric ultrasonic transducer coupled to the chip of a.c

the frequency range of 100 kHz to 3 MHz. The vib:

. The transducer was excited with continuous rf in
mitored using an optical Michelson heterodyne-

interferometer allowing the surface of the cantilever urider éxaminatién to be scanned with a lateral resolution of several
um. A number of free torsional and flexural vibration modes f. the beams were imaged quantitatively. Comparison of
H

the experimental resonance frequencies and the a

mplitude and:phase distribution of the modes to theoretical models

showed that asymmetries in the beam strongly influence the vibrational behavior of the beam. The consequences for

quantitative local stiffness measurements ar d

© 2003 Published by Elsevier Science B.V:

Keywords: Atomic force microscopy; Acoqsfi:ifs Canti
imaging of vibration

1. Introduction

Since the invention of the atomic force micro-
scope (AFM) [1] several different quasi-static and
dynamic operating modes have been developed,
for example friction::force fgxicroscopy (FFM) 2]
or atomic force ‘acousi filicroscopy [3]. During
the past few years; many groups have been im-

* Corresponding author. Tel.: +49-681-93023935; fax: +49-
681-93025903.

E-mail address: reinstaedtlergiizfp.fhe.de (M. Reinstaed-
tler).

proving the quasi-static FFM technique [4,5] to a
dynamic method, expanding the possibility to ex-
amine the origin of friction on a nanoscale [6-18]
without the shortcomings of conventional FFM,
which are time-consumptive measurements with
high noise and unstable friction imaging.

One crucial component for all AFM-operating
methods is the flexible force-sensing cantilever [19].
These micro-fabricated AFM cantilevers can be
regarded as miniature elastic beams with charac-
teristic bending and torsional vibration modes. By
means of elasticity theory it is possible to calculate
the resonance frequencies and the local vibration

0039-6028/03/$ - see front matter © 2003 Published by Elsevier Science B.V.

doi:10.1016/50039-6028(03)00183-3
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amplitudes and phases of the modes. Depending
on the geometry of the beam analytical or nu-
merical methods [20,21] can be used. However, the
exact cantilever geometry is often not known and
can vary considerably within one set of commer-
cial beams. Properties of the beams, such as ver-
tical and lateral spring constants are of
fundamental importance for quantitative mea-
surements, in particular for local elasticity mea-
surements [20]. By examining the vibration spectra
of the cantilevers during our ultrasonic AFM
measurements, we often noticed the appearance of

additional resonances not expected theoretically.
Here we show that the free vibrational modes of

clamped-free silicon AFM cantilevers can be im-
aged quantitatively. This provides evidence about
the origin of the additional modes and also aliows
a quality control of AFM sensors because the ef-
fective spring constant depends on the vibrational
mode of the cantilever [22], which in tum is in-
fluenced by the geometry of the cantilever, the
mass distribution along its length, and the position
of the tip.

2. Theory

2.1. Flexural vibrations '

Bending and torsional vibrations of? t{x’i‘fdrm‘

homogenous beams wnth constant rectangular

v}
=2+

where E is the Youhg;s modiilus; ] = ab®/12 is the
i ia of a‘beam with rectangular
cross section, a’is.its‘Width. and b its thickness, p is
the mass density and 4 = ab is the cross sectional
area. Her "x'i5, the'cobrdinate in the longltudmal
directioni of: the captilever, y(x) is the excursion

- from the rest position of the length element at x. A

general solu for Eq. (1) can be written as

yx,0) = (are +age + ase™ + ae™)et  (2)

Here, w =2nf is the angular frequency and
y = 2r/4 the flexural wave number. Inserting Eq.
(2) in Eq. (1) yields the dispersion relation

Ely* — pAw® =0 3)

Q)

mode eigenfrequencies

g

(6)

fo ﬂowmg equation

ix) = [(cos Vu¥ — coshy,x)

cosy,L + coshy,L

" siny,L +sinhy,L (siny,x + sinh y,x )]
¢

where y is the vibrational amplitude.

2.2. Torsional vibrations

The equation of motion for torsional modes is

LLC) e .
T P ag = 0 8
where @ is the angle of twist, cr = ab’G/3 is the
torsional stifiness and J = ab/12 the polar area
moment of inertia. A general solution for Eq. (7)
can be written as

o(x)
where constants 4 and B are also given by the

clamped-free boundary conditions for the cantile-
ver oscillations, so the amplitude distribution is

= A sin nx +-Bcos nx )
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Ox) = Asinnx (10)
The torsional wave number 7 is obtained by the
balance of the torsional moments [12,24]

00(x)
T
The eigenfrequencies for torsional vibrations are
obtained by solving Eq. (8) .

2n-11%6 |G
fn=—2"—zz\/; (11)

Unlike the bending mode eigenfrequencies (Eq.
(6)) the torsional modes are equally spaced by Af,
because Eq. (8) exhibits no dispersion.

x=L

3. Experiments
3.1. Cantilever

The examined cantilevers were manufactured:
from highly doped, single-crystal silicon with if
tegrated single-crystal silicon tip. The tip .was
pointing into the (100) direction, whereas the
cantilever pointed into the (110) directio
used two low force constant types de31gne '

antllevers with
$i nal ‘stiffness.

vibration amphtudc we selqct” l
low bending and hence also-fow t

&S

In order to determine the geome

Fig. 1. Optical micrograph of the cantilever used for torsional
mode measurement (type CONT); Calculated spring constant
k =0.131 N/m; nominal thickness: 2 + 0.5 pm. The cantilever is
supported by a single crystal silicon holder as can be seen on the
right.

sured with an optical microscope. From the mea-
sured resonance frequency of the first ten bending
modes the thickness of the cantilever was calcu-
lated using Eq. (6) avoiding time-consuming
measurements using an electron-microscope.

3.2. Atomic force microscope set

The experimental set-up:to measure the free vi-
bration spectra of the cantilever w_tth the AFM is
shown in Fig. 2. ommercnal'Séanmng Probe
Microscope (Dimension 3000, Digital Instru-
ments, Santa Barbara,’ ith-additional ultra~
sonic equipment was:used to excite and measure
flexural and torsm 1bré'tio,n resonances of the
cantilever. ;A frequen y“generator (HP 33120 A)
provides a sinusoidal signal, which is applied to a
conventional ultfasonic shear wave transducer
(Panametrxcs V151, 5 MHz center frcquency) at-
tay cd to the sample Asa sample we used a plece

i'nbunted over the sample with a distance of about

2-5 pm. The cantilever vibrations were measured
““with the internal optical detector of the instru-
ment, provided its bandwidth was in the MHz

AFM
controfier .
8/ Laser diode
s 3
5 2| Photo H
£ 3| diode
] H . .
>0 5 Mirror g Canlilever in
TR 3 H torsional vibrations
© i > //’\\__3
o s
e __
P i
82 Signal
88 generator
s«
£ 3 transducer
o>
HF amplitude Computer
detection scheme P

Fig. 2. Experimental set-up for torsional vibration measure-
ments in an AFM.
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regime, otherwise a fast external amplifying system
was used. The HF amplitude detection scheme
consists of a heterodyne down-converter which in
addition receives a reference signal at the excita-
tion frequency from the frequency generator. The
heterodyne down-converter operates at frequen-
cies from 75 kHz to 10 MHz and shifts the desired
signal to a fixed 20 kHz intermediate frequency. It
is evaluated by a lock-in amplifier. The set-up is
controlled by a Labview program enabling one to
change the frequency, to read the lock-in output,
and to store the spectra.

" Typical measured lateral vibration spectra of

cantilever #1 (type CONT) are shown in Fig. 3.
Besides torsional modes flexural modes also ap-
peared in the lateral channel, however, never were
torsional modes observed in the vertical channel.
By calculating the first torsional eigenfrequency
using Eq. (11), the 212 kHz peak in the lateral
channel spectrum can be identified as belonging to
a torsional resonance. However, a second peak
appeared at 265.5 kHz without a corresponding
peak in the vertical spectrum at the same fre-
quency. In order to clarify the situation, we pers
formed interferometric measurements of -th
displacements of the vibrating cantilevers in order
to compare the experimentally determined yibra-
tion patterns to the expected patterns as ¢glc
by Egs. (7) and (11).

3.3. Interferometric measuring systemi

The interferometrical set-up.is
The chip of the cantilever .was';
couplant to a shear ultrasonic
between 100 kHz and 3:MHz, I

tcer operated
nitted into the

SPS-N, Chennai
Lens Cantilever
Micheison- N Mator-
Heterodyne- ~| Shear driven
wav i
interferometer | '\ tran:- x |transtatior
laser beam z|stage
ducer ~

100 kHz{\ ,
28 MHz Chip '

L Frequency
Digital
/\/W oscilloscope) enerator
150 MHz Computer

Fig. 4. Experimental set-up for imaging the resonance modes
with an optical interferometer.

tilever beam and parallel to
d:-vibrations. The absolute
e cantilever vibrations were mea-
jcal Michelson heterodyne in-

e the resonance frequencies, a spectmm
taken at a location close to the free end of the
lever. Then the modes were imaged by scan-
mng the vibrating cantilever at its resonance fre-
quencies and detecting the deflection of each
position as a function of time. The amplitude and
phase of each time signal were obtained by using
Digital Fourier Transformation.

The measured amplitude and phase distribution
of the third bending mode of a 225 pm long beam
are shown in Fig. 5. Two nodes and three crests of
the vibration are found according to theory. The
phase of the signal is measured relative to the ex-

2nd Torsional 3rd Torsional
10 mode mode
8 5th Flexural 1 7th Flexural
6 mode mode
) 4
;-4 4th Flexural 2 6th Flexural
Gk mode N\ J mode
0+ 0 Ao 04
1007 - 300 500 600 800 1000 1100 1300 1500
12 Frequenz [kHz) Frequenz [kHz] Frequenz [kHz]

Fig. 3. AFM lateral channel spectra showing additional modes.
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Fig. 5. (a) Optical micrograph of the cantilever measured; (b)

amplitude and (c) phase distribution of the third bending mode

of a rectangular cantilever. Scan size 300 x 100 pm?.

Exciting frequency 211.81 kHz Deflection
0nm
9 nm

18 nm

Exciting frequency 265.39 kHz
0 nm

16 nm
J 31 nm

cl frequ 626.9 kHz

Onm
2nm
1 4nm

0 nm
8nm
16 nm

Amplitude [3. .} of a 1st torsional mode

Phase [a. u.} of a 1st torsional mode

citation signal. The phase difference between two
neighboring crests is 7.

The first three torsional modes of the 450 pm
long rectangular silicon-cantilever used for the
AFM measurement described above are shown in

second and third torsional mode agree very well to
the theoretical prediction. It'is‘inte
that the first two modcs;_ with cxgenfrequenmcs
close to one another do o

Fig. 6. Amplitude and phase distribution of the first three torsional modes of a rectangular Si-cantilever. The scan size is about
550 x 100 pm?.

Fig. 7. Calculated amplitude and phase distribution of the first, second and third torsional mode,
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cantilever base. This is caused by the lower bend-
ing stiffness of the cantilever compared to its tor-
sional stlﬂ”ness

4. Mode coupling

We suggest that the origin of the asymmetrical
shape of the modes is caused by geometrical
asymmetries, mostly due to the tip positioned not
exactly on the center line of the beam. These
asymmetries in the vibration pattern entail a cou-

pling of flexural and torsional vibrations via the tip

when the tip is in force interaction with a sample
surface. This holds in particular when additional
static forces are applied in a measurement of
elasticity [3]. Considering that the tip with the
mass m, is offset from the area center of the cross
section by an amount d (see Fig. 8), the flexural
and torsional modes are no longer independent.
They couple via the forces acting on the tip and
hence lead to an admixture of torsional motion in
a flexural mode and vice versa. This coupling can
be described by the Eqgs. (1) and (8) taking account
the following boundary conditions at the end wi
the tip (x =L)

EIY"(x,1) = kay(x, ) — k,.%e(x, 9
+ m, (jlv(x, ) — %5():, t)

crl' (x,£) = —hh*0(x, 1) — kn dLy(x,t)":

Fig. 8. Parameters entering in the description of mode coupling
via the forces acting on an AFM tip of length 4 which is slightly
offset by an amount 4 from the center-line of the beam.

ky and k&, are the lateral and normal contact stiff-
ness, respectively. Here, when the cantilever per-
forms free oscillations, the boundary conditions
reduce to

B (e,1) = m (y(x, 9~ %é‘(x,,

the mass of the tip &5 no den

monic solutions y(x ) y(x jwt and 0(x, t) =

(16)

ert/(x) = mydeot(d6(x) - Ly(x)) (17)

ional wave numbers y and n where

. (18)
this parameter H which determines the like-
thood of modal coupling The mode shape of the
peak at 212 kHz is a combination of the flexural
and torsional solution. The weighting of the

% combined solutions depends on the type of and

degree of coupling as well as on the excitation
method. Two modes have frequencies very close to
each other. The frequencies of the third flexural
mode and the first torsional mode lie within 5% of
each other. Thus, during forced vibrations, they
are often excited simultaneously. Fig. 9 shows a

Amplitude distribution of the third flexural mode

Amplitude distribution of the first {orsional mode

End with the tip

Clamped end

Fig. 9. Spatial plots of modes 3 and 4 calculated from the
flexural/torsional coupling model with H = 0.025. When the
frequencies are close together small perturbations cause these
modes to couple.
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plot of the combination of the first torsional and
the third flexural mode.

A resonance was also observed at 265 kHz. The
corresponding mode does not fit into an analysis
based on mode coupling as explained above. Most
likely, this mode originates from nonlinear cou-
pling into flexural motion about an axis perpen-
dicular to the plan view. Such a mode wouid have
/1 about a/b = 22.5 times the usual f; for flexure.
This value matches with the observed frequency at
265 kHz. Calculating the elastic strain amplitudes
prevailing in the beams for both modes, ie.
ek = (b/2)(d2y/dx2) and - &5 ~ fa/L -(Eqs. (D)
and (10)) and using the measurements for the
amplitudes as shown in Figs. (5) and (6), one ob-
tains values of the order g, =~ 10~° and
&tors = 1074, These rather large values make non-
linear mixing of modes based on higher-order
elasticity possible [26].

5. Conclusion

In summary, we have shown that mode coupling

due to geometrical and mass asymmetries account '

for a number of resonances besides the standard
flexural and torsional modes. The coupled modes
can be observed in many commercial cantll VETS.
They are sometimes called spurious
they can be explained using quite 81mple phystcal
principles. The large strains values:obtainiéd in
dynamic operations may lead to:fionlinear mxxmg
of modes.
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Abstract

Atomic force acoustic microscopy (AFAM) can be used to
msake quantitative images of surface stiffness with high resolu-
tion. The technique utilizes the dynamic response of the atomic
force microscope (AFM) cantilever, specifically in terms of the
higher-order cantilever modes. Motion of the specimen while in
contact with the AFM tip induces vibrations in the cantilever.
The dynamical properties of the cantilever change during scan-
ning due to the variations of surface stiffness. Both stiff and com-
pliant cantilevers may be used for stiffness imaging if the appro-
priate vibration mode is chosen. Experimental AFAM results on
polysilicon for microelectromechanical systems (MEMS) are pre-
sented. The AFAM results provide stiffness information about
the material microstructure that is not available from topogra-
phy information alone. The technique provides in-situ stiffness
information without damaging the MEMS.

Introduction

The atomic force microscope (AFM) was developed as an in-
strument for measuring surface topography while operating in a
quasistatic mode [1]. The deflection of the microscope cantilever
plotted as a function of surface location gives a high-resolution
image of surface topography. More recent applications of the
AFM have exploited the dynamic characteristics of the AFM.
Many versions of dynamic atomic force microscopy have been
proposed for imaging specimens and measuring material proper-
ties {2-5]. All of these methods rely on the relative motion be-
tween the atomic force microscope (AFM) tip and the specimen

.surface. The high frequency excitation of the specimen surface

or AFM cantilever can provide a better signal-to-noise ratio for
imaging while doing less damage to the specimen surface. These
techniques utilize the dynamic response of the cantilever, specifi-
cally in terms of the vibrational modes. The dynamic response of

79

an elastic cantilevered beam in contact with a surface, however,
is not easily described. The tip-sample interaction forces are,
in general, nonlinear and ‘re the subject of intensive research
themselves. When an elastic beam interacts with these surface
forces, the many flexural and torsional modes must be included
as part of the complete dynamics. These higher modes are often
excited simultaneously in experiments.

In much of the current research, the amplitude of the sur-
face motion is kept small. In this case, the motion may be
studied by linearizing the nonlinear tip-sample interaction forces
about an equilibrium point. The cantilever motion may then
be modeled as a beam with a linear spring attached near the
end. Measured natural frequencies of the cantilever with . at-
tached spring then define the spring stiffness. Appropriate tip-
sample interaction models are then used to relate the spring
stiffness to the Young’s modulus of polysilicon. Atomic force
acoustic microscopy (AFAM) is anticipated to have many uses
for in situ measurements of polysilicon microelectromechanical
systems (MEMS).

Atomic Force Acoustic Microscopy
The atomic force microscope cantilever, as shown schemati-
cally in Fig. 1, is modeled as an Euler-Bernoulli beam. The
beam is assumed uniform and homogenous with constant cross-
section. It is cantilevered at one end. At the end opposite of
the cantilever a tip with small radius is attached. The sample is
offset such that the beam has an initial static deformation y (z).
Motion about this initial equilibrium deformation is given by
w(z,t) . The linearized boundary value-problem for this system
has a governing equation and boundary conditions given by [6,7]
0%w(z,t 0%w (z,t .

EI-—a;—)- + pA—T%(—Z—l =0, (1)




@

w(z=L,t) = 0, (3)
Elw" (z=L,t) = &w(z=Lt). €Y

In Egs. (1)-(4), w(z,t) defines the dynamic cantilever position
relative to y (z). The AFM cantilever is defined by the modulus
E, the area moment of inertia I, the volume density p, and the
cross-sectional area A. Here, EI and pA are assumed uniform
over the length of the cantilever. The boundary conditions given
by Eqgs. (2) correspond to conditions of zero displacement and
zero slope at « = 0. The boundary condition given by Eq. (3)
corresponds to zero moment at = L.

The force balance between the shear force of the beam and
the force from the contact mechanics is given by Eq. (4). The
contact force is, in general, nonlinear. Here, the motion is as-
sumed small such that a linear contact force may be used. The
contact force is proportional to the displacement of the end of
the beam with the effective contact stiffness & (linear spring con-
stant) as the proportionality constant. Because a linear model is
used to describe the tip-sample interaction force, the results are
restricted to small tip displacements. Such a condition is easily
satisfied experimentally. The actual value of « is given in terms
of the material properties of the tip and sample and depends on
the interaction model used. Simple Hertzian theory [8-9], more
complex Maugis mechanics [9], or other models [10-12] may all be
linearized about some initial equilibrium position to determine
this spring constant.

Eqgs. (1)-(4) define completely the linearized flescural vibration
problem. The natural frequencies of the cantilever vibrations are
dependent on the linear spring constant x. Solution of the corre-
sponding eigenvalue problem leads to the characteristic equation
that governs the allowable frequencies. The characteristic equa-
tion is given by [6]

w(z =0,t) =0, v (x=0,t) =0,

4 (cosycoshy + 1)
K
T EIJI?

Equation (5) is solved numerically for the values of . The dis-

persion relation
1 ’ EIJI3

is then used to determine the natural frequencies in terms of the
wave numbers. The linear vibrations of the AFM may be used
to study the material properties of specimens. Knowledge of the
natural frequencies can be used to determine the effective spring
constant k. The tip-sample mechanics are then used to deduce
the local Young’s modulus. The most general contact mechanics
model, due to Maugis [9] is discussed below. The Maugis model
was first introduced to the AFM literature by Burnham and
coworkers [13].

(sinhycosy — sinycoshy) =0. (5)

6
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Tip Contact

Offset, 7o

AN

Figure 1: Schematic of the problem. The AFM probe is in con-
tact with a specimen. Initial contact is made when the sample
offset, 2g, is zero. The static sample offset causes a static beam
deflection, y(z). The dynamic motion, w(z,t), is defined relative
to y(z)- The contact forces between the tip and sample are may
be discussed for different contact models.

Static deflection, y(x)

Contact Mechanics

The mechanics of the AFM tip as it interacts with a speci-
men are complex and generally nonlinear. Here, the contact is
assumed frictionless and the contact force is assumed to act nor-
mal to the tip. The geometry of the contact problem is shown in
Fig. (2). The goal is to relate the applied force p to the penetra-
tion depth of the tip into the specimen §. Important parameters
for this problem are the radius of the contact area a, the work
of adhesion at contact w, and the stress in the cohesive 2one op.

The material properties and geometry of the specimen and
AFM tip also are important. These parameters are shown in
Fig. (3). The reduced tip-sample curvature,

1 1 1
= _ét. + E:
accounts for curvature of both tip (R;) and specimen (R,). Most

often, the specimen is assumed flat such that R = Rq. The re-
duced elastic modulus KX is defined by '

1 3(1-u§+1—u§),

@

®

= - | —— Ea

K 41\ E

where E;, v¢, E,, and v are the Young’s modulus and Poisson’s
ratio of the tip and sample, respectively. The general goal for
materials characterization studies with AFAM is to extract and
image Young’s modulus of the specimen. Such a procedure in-
volves measurement of K. The material properties of the tip are
generally assumed to be known. In addition, a calibration proce-
dure or scanning electron microscopy is necessary to determine
the tip radius.

The most comprehensive tip mechanics model is that of
Maugis [9,13,14). The Maugis model captures many aspects of
the contact mechanics observed in AFM studies through the use
of fracture mechanics concepts. Most importantly, it can account
for adhesion hysteresis. The Maugis model provides a continuous
functional dependence from Hertzian {(or DMT [11]) mechanics,
without adhesion hysteresis, to the JKR {12] limit of maximum
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N e
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Figure 2: Schematic of the parameters of the contact mechanics.
An applied load p results in a penetration to depth §. The contact
radius is given by a and the radius to the edge of the cohesive
zone is denoted by c.

adhesion hysteresis. The dimensionless parameters used are de-

fined as
K 1/3
a(muRz) !
K2 \ /3 R \/8
A= 5(m) - a=2( )

where A is the contact radius, P is the applied force, A is the
penetration depth, and A is the adhesion parameter.

In terms of these parameters, several different contact me-
chanics models may be described. Several of these models are
illustrated by the force-penetration curves (P vs. A) shown in
Fig. (4). Hertzian mechanics is given by

A

1

Py = A3, Ag = A2, (11)
which may be written Py = A?{z. In the Hertz model, adhesion
is neglected such that there is no attractive force associated with
loss of contact. The DMT model is a modified Hertzian model
[11]. In this case, a constant attractive force is added to the
Hertzian mechanics, Pp = A3 — 2. However, the tip geometry is
assumed not to change, Ap = A% The DMT Pp (A) is noted
in Fig. 4 for A = 0. The Hertz and DMT models do not include
adhesion hysteresis effects. Thus, they are most applicable to
AFM research for low adhesion specimens, hard materials or

small radii of curvature.
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Figure 3: Geometry of the contact problem in terms of the tip
parameters (subscript ) and specimen parameters (subscript s).

In the high adhesion limit, the JKR model is appropriate. It
is given by [12]

Py = A® - AV6A,

This model is most applicable for high adhesion specimens, soft
materials or large radii of curvature.

The model developed by Maugis is comprehensive in that it
captures all types of tip-sample mechanics through the introduc-
tion of an adhesion parameter \. Attractive (tensile) stresses are
assumed to act between the tip and specimen in a cohesive zone
that surrounds the contact area. These stresses are assumed con-
stant (o) within an annulus of width d. For the Maugis model,
the force and deflection are

Ay=A2 - §\/6A. (12)

Py = A®-2A%M,, (13)
Bu = A~ AWmET],
where
M =+v/m?2 -1+ m?tan~t /m2 - 1. (14)

In Egs. (13) and (14), m = c/a is the ratio of the radius to
the edge of the cohesive zone to the radius of the contact area.
The width of the cohesive zone d = c—aq. An additiona) equation
is necessary for the Maugis mechanics. The Griffith equilibrium
equation defines the relation between ), m, and A. It is given by

9

2 24 .
—*;;Mz + ——4'\3AM3 =1, (15)




where
M, = Vm2-1+ (m2—2) tan~ty/m2-1, (16)
M3 = l—-m+vVm2-1tan™ly/m2-1. a7

A comparison of this contact model for several different val-
ues of A is shown in Fig. 4. When A is positive, the sample
is deflected away from the AFM tip. A negative value for A
implies that the material is bulging out from the surface. The
Maugis model includes attractive forces from adhesion such that
the cantilever is deflected downward when contact is initiated. In
this case, the tensile stresses in the cohesive annulus are greater
than the compressive stresses in the contact area. The effect of
adhesion hysteresis is also observed in Fig. 4. Several curves
shown in Fig. 4 bend back on themselves. These curves have
a section of positive slope when both P and A are negative.
Points on this part of the curve are unstable equilibria. Thus,
.when moving continuously on these curves loss of contact occurs
when the cantilever stifiness exceeds the contact stiffness. In ad-
dition, when contact is reinitiated, the tensile cohesive stresses
would pull the AFM tip back into contact. This type of hys-
teretic behavior results for all values of \ that are larger than
about 0.94. The Maugis model reduces to that of DMT mechan-
ics when A = 0. In the opposite high adhesion limit, when ) is
large, the JKR limit [12] is approached.

15
1.
osf
a . A=50
P z
£ a=2
05}
af
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Penetration Depth, A

Figure 4: Normalized force-displacement relation for various val-
ues of X using the Maugis contact mechanics model.

Surface Stiffness

As the AFM tip is placed in contact with the specimen, it ini-
tially settles at an equilibrium position somewhere on the P (A)
. curve. The AFM cantilever will have some injtial deflection y (x)
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determined by the force balance at the tip. The cantilever or
sample is then vibrated at small amplitude. If the displacements
of the AFM cantilever remain small, a linearization of the above
contact models may be used to determine the appropriate spring

stiffness necessary for the vibration problem. In this case, the °

linear spring constant (in nondimensional form) is defined as

dP

In dimensional form, we have
dp 1/3 dP
K=—p= (nwR2K?) I (19)

For the Maugis model, the relation of the surface stiffness is
found from Egs. (13)-(15). The force and deflection are both
given in terms of the contact area and parameter )\, In addition,
the Griffith equilibrium equation shows that X is also a function
of A. Thus, we have

Py 2O\

S8 = sa2-m [2AA+A 5 A} (20)
9AMm _ oA CI

Sl = 24- [,\ +452 A} VmZ 1. 1)

The rate of change of A with A is found from Eq. (15) to be

) _ 22 3AMy +4AM; 22)
54~ T A 3AM + 16AMs’

where My and M3 are defined in Eqs. (16) and (17). Thus, the
contact stiffness from the Maugis model is

9,@Q

fm =343 (23)

where

Q = 342M;, + 16 ANM3 — 8X2 My M3, (29)

and

R=3MA (3A + 2,\\/(_1-71_2———1_)—)
+16M3A (3A - A\/W——_l—)) . (25)

The general Maugis result for the stiffness reduces to the Hertz
and DMT cases (both have the same £ vs. P curves) for A — 0
and to the JKR result when X is very large. Figure (5) is a plot
of £ as a function of applied load P for various values of A.

Experiments

The experiment used here is similar to that described else-
where [2]. A standard atomic force microscope (Thermomicro-
scopes, Autoprobe CP) is modified for AFAM capabilities. A
schematic of the AFAM experiment is shown in Fig. (6). The
specimen is placed on a broadband ultrasonic transducer (2.25
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Figure 5: Normalized surface stiffness as a function of applied
load P, for various values of X using Maugis contact mechanics.

MHz center frequency). The transducer is mounted on the AFM
stage and is excited by the function generator. The output from
the AFM photodiode is mixed in the lock-in amplifier with the
function generator output. The lock-in output and the photodi-
ode output are both used by the AFM computer for imaging.

AFM Split Photodiode
\ SRS844 Lock-In
AFM Laser %_———" Amplifiec

Canti
APM “%&Mc'ﬁnﬂm
Specimen E e | Ponction Genermox j PC

X-Y Translation Stage

Figure 6: Schematic of the atomic force acoustic microscopy ex-
periment. Both the topography and lock-in amplifier output are
used for imaging.

Two sets of AFAM results are presented in Figs. (7)-(10).
The specimens are polysilicon strips fabricated at the CRONOS
MEMS foundry. The scan size of each figure is 2 um x 2 pm.

Topography and AFAM results using mode 1 of a stiff can-

tilever (40 N/m) are shown in Figs. (7) and (8), respectively.

The applied force was 1000 nN. The lightest color in the topog-
raphy image is 85 nm higher than the darkest color. The topog-
raphy image clearly shows a few of the grains of the polysilicon.
The AFAM image, shown in Fig. (8), was made using an excita-

L 1]
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tion frequency of 816 kHz. The contrast in this image is related
to shifts in the cantilever resonance peak. The chosen excita-
tion frequency was slightly higher than the resonance frequency.
Thus, lighter colors implies less stiffness. The darkest colors are
difficult to interpret. The peak may have shifted greatly higher
or lower. The stiffness contrast (AFAM image) of the polysilicon
is considerable. Within individual grains, contrast variations are
observed. In particular, the grain indicated in Fig. (7) with the
arrow is especially interesting. The AFAM image indicates that
this grain has large variations in stiffness throughout. The grains
are expected to be single crystal grains which grow perpendicu-
lar to the MEMS surface. The source of these stiffness variations
is still under investigation.

Figure 7: Topography image of polysilicon using a stiff cantilever
(40 N/m). The scan size is 2 pm x 2 pm

Topography and AFAM results using a weaker cantilever (3
N/m) are shown in Figs. (9) and (10), respectively at a different
location on the specimen. The topography image, Fig. (9), bas
2 maximum height difference of 85 nm. The lightest color corre-
sponds to the highest topography. The AFAM image is shown in
Fig. (10). These images were made using the second vibration
mode of a compliant cantilever with natural frequency in contact
of 623 kHz. In this image, the lightest color corresponds to an
amplitude of 1.2 mV. The applied force on the cantilever was 700
nN. Again the stiffness variations within the grains are clearly
observed. . -

Effective Cantilever Length

AFM cantilevers are normally manufactured using etching -
processes. These techniques are not currently precise enough
for the cantilever geometry to be known with high accuracy. For
AFAM measurements the placement of the tip along the can-
tilever is a critical piece of information. SEM images show that




Figure 8: AFAM image using the first cantilever mode of a stiff
cantilever. The first free natural frequency is 170 kHz. The scan

size is 2 pym x 2 pan.

the tip may be anywhere from 90-99% of the cantilever length
from the fixed end. Attempts to characterize the effective length
of the cantilever (i.e., the distance from the fixed end to the tip
location) have met w1t;h some success [2]. Here an alternative
method is proposed.

The shift in the natural ﬁ'equenclas of the beam are affected
by the contact stiffness. This stiffness is a function of the applied
load. If the Hertzian contact model is used we have

x=3y/KeFp. (26)

For a certain applied load p; and values of R and K there is
a unique corresponding stiffness x;. Now imagine that R and K
are held constant while another load py is applied with corre-
sponding stiffness k. If p» = Bp;, where B is a constant factor,
then xp/k; = B3, Thus, the shift in stiffness as a function of
relative applied load is known. Also, the shifted frequencies cor-
responding to the different values of & may be determined. For a
set of applied forces, there is one effective length which provides
the best fit to the data for a single value of L. To illustrate the
method consider the following. A cantilever with first free fre-
quency of 176 kHz is placed in contact with Si <100> with an
applied load of 800 oN. The first natural frequency is measured
to be 844 kHz as shown in Fig. (11). This frequency is 4.8 times
larger thar (f1) free - 1f the cantilever were pinned at the end, the
maximum shift possible is 3.92 times greater than the free [15].
Thus, the effective length has shortened such that the frequency
is higher. Next, another higher load is applied, such as 1600 nN.
The contact stiffness should increase by a factor of 21/3 with a
known change in frequency. Other loads are also applied in a
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Figure 9: Topography image of polysilicon using a compliant
cantilever (3 N/m). The scan size is 2 um x 2 ym

similar manner. Finally, .;;he experimental results are compared

_ with curves of natural frequencies for different values of the ef-

fective length. The curve for L.ss = 0.969L was found to be the
best fit to these data. This result is the unique solution for both
the effective length and contact stiffness. It should be noted that
this method requires no information about the tip radius R nor
the material properties of the beam. The required measurements
are relative to the free experimental measurements. Such a tech-

nique may be easily extended to non-uniform cross-sections. The -

effect of damping is expected to have an influence on this result,
but was not considered. Comparison of this method for deter-
mining the effective length with other methods, such as SEM,
are currently in progress. The technique is restricted to.stiff can-
tilevers with high applied loads such that the Hertzian theory is
valid.

Young's Modulus for Polysilicon

Estimates of Young’s modulus for polysilicon are now made
based on the results presented above. Both the first mode of
the stiff cantilever (40 N/m) and the second mode of the more
compliant cantilever (3 N/m) are used. For the stiff cantilever
the effective length, L.y = 0.969L was used to determine the
contact stiffness on the polysilicon MEMS material. Again the
relative frequency shift is examined. If the applied load is the
same on both the silicon and on the polysilicon, the ratio of the
contact stiffnesses is

¥/ Koty Rpoly
VK& Esi
Equation (27) is rearranged and solved for Epqy, where use of

fply _ @7

Ksi
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Figure 10: AFAM image ﬁsi.ng the second cantilever mode of a
compliant cantilever (623 kHz). The first free natural frequency
is 90 kHz. The scan size is 2 ym x 2 pm. '

the reduced modulus, Eq. (8) has been used. The result is

F (1 - ugo,y)

EBpoty = 12 12 (28)
[1-F5* + 5>
where the factor F is given by
3/2 )
F= (i?;.olz) Bsi (29)
Ksi V Rpoty

The reduced radius on silicon Rg; is assumed to be that of the
tip radius Ry because the silicon specimens were very flat. The
reduced radius for the polysilicon must reflect the topography
seen in Figs. (7) and (9). In this case,

[ Rsi \/“‘E
=2 o 1 2
Bpoty R
where R is the sample radius. The sample radius is estimated
to be on the order of 50 nm. The tip radius, measured using
calibration gratings, was R; = 120 nm. Using vy = 0.181, E; =

130.4 GPa, and vpory = 0.18, gives the value for Eppyy ~ 104
GPa . This value for E,q, is about 65% of that found from tensile

(30)

. " tests of polysilicon [16]. The present results are encouraging, but

still need improvement.

For the more compliant cantilever, the adhesion effects are
much more important. Therefore, the method used for the stiff
cantilever is not expected to apply. The tip radius was mea-
sured using calibrated gratings and determined to be R; = 160
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Figure 11: Experimental frequecy spectra for three different ap-
plied loads. The free natural frequency of the cantilever (40
N/m) was 176 kHz. The specimen was silicon <100>.

nm. The applied load was 700 nN. The measured second natural
frequency of 623 kHz corresponds to a contact stiffness of k =
41.1 N/m. The measured pull-off force was 112 nN. From the
definition of the dimensionless force, Eq. (13), this pull-off force
implies that P ~ 6.25 for the applied load used. From Eq. (23),
the range of values for £ = dP/dA ~ 2.9 — 3.0 for all values of .
Rearranging Eg. (19) gives

K 32 '
- [erwR) Rl”s%i%} ' ¢y

Substitution of the above values into Eq. (31) gives X =
400MPa. In terms of the specimen stiffness we have

1-12

=_4_1_ 1—vi "
3K TR

E, (32)

Using v¢" = 0.181, E; = 130.4 GPa, and v, = 0.18 gives
E; = 290MPa. This value is unrealistically low for polysili-
con. This result highlights the difficulties associated with mak-
ing measurements of stiff materials with compliant cantileveys.
Sources of error associated with these measurements include the
tip radius, cantilever stiffness, and pull-off force. Errors associ-
ated with pull-off tests for measuring adhesion have been noted
by others [14].



Conclusions
In this article, the use of atomic force acoustic microscopy
(AFAM) has been discussed as applied to polysilicon micro-
electromechanical systems (MEMS). An estimate of Young’s
modulus of polysilicon has been made with this technique. The
results presented here are, unfortunately, much lower than pre-
vious direct measurements. However, several improvements of
the measurement technique may prove useful. The dependence
on tip radius is substantial. The calibrated grating method for
"radius mesasurement has not yet been validated as an effective
method to determine R. In addition, effects from surface forces
may substantially alter the effective value for the contact load
P. The value used in the above calculations corresponds to all
forces sensed by the cantilever. All of these sources of error are
being examined in order to improve the measurements. The use
of AFAM for other materials has shown the potential of this
technique for in situ measurements of MEMS.
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